
ny

PHYSICAL REVIEW B 15 APRIL 2000-IIVOLUME 61, NUMBER 16
Quantum-kinetic study of femtosecond pump-and-probe spectra of bulk GaAs

K. Hannewald, S. Glutsch, and F. Bechstedt
Friedrich-Schiller-Universita¨t Jena, Institut fu¨r Festkörpertheorie und Theoretische Optik, Max-Wien-Platz 1, D-07743 Jena, Germa

~Received 7 September 1999; revised manuscript received 3 November 1999!

We present quantum-kinetic calculations for pump-and-probe signals of bulk semiconductors based on the
second Born approximation for electron–LO-phonon interaction. The relaxation process of laser-excited
electron-hole pairs is studied along the whole frequency domain including the exciton resonance. This allows
a description of carrier cooling due to LO phonons at arbitrary long time delays, from initial hole burning at the
pump frequency until exciton bleaching after accumulation near the band extrema. At low temperature, a
bottleneck effect is predicted for small pump intensities. At room temperature, signatures of upward scattering
become visible. The numerical results for GaAs are in good qualitative agreement with recent measurements
@A. Leitenstorferet al., Phys. Rev. Lett.76, 1545~1996!; C. Fürst et al., Phys. Rev. Lett.78, 3733~1997!#.
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I. INTRODUCTION

After the discovery of the optical Stark effect in galliu
arsenide in 1986,1 many light-induced coherent phenome
formerly known only from atomic and molecular physi
have also been found in semiconductors. Important exam
are the observation of photon echoes, free-induction de
quantum beats, and, during the last two years, excito
hyper-Raman gain,2 self-induced transparency,3 and Rabi
oscillations.4

Due to short dephasing times in semiconductors, this
velopment goes along with enormous progress in ultra
experimental techniques. Femtosecond-laser spectros
has become so elaborated that even time-resolved studi
the interaction between laser-induced electron-hole pairs
lattice vibrations are now feasible.5–7 This follows similar
achievements in molecular physics, where observation
coherent control of molecule vibrations by short laser pul
has opened the intriguing prospect of light-controlled che
cal reactions.

In GaAs, the relevant time scale for studying the electr
lattice interaction is given by the LO-phonon period,TLO
5115 fs. For shorter time intervals, energy transfer betw
electrons and lattice via emission or absorption of L
phonons cannot be described in terms of completed c
sions because of the quantum-mechanical time-energy un
tainty principle. The coherent control of those scatter
events was recently achieved by Wehneret al.7 in a three-
pulse four-wave-mixing ~FWM! geometry, using 15-fs
pulses. Quantum-kinetic effects were also detected in re
pump-and-probe experiments by Leitenstorferet al.5 and
Fürst et al.,6 who resolved the step-by-step relaxation of co
duction electrons after pumping high above the fundame
gap. Violation of energy conservation for each electron–L
phonon scattering event is clearly seen in the early time
gime. For delay times larger thanTLO the phonon replicas in
the spectra narrow to the width of the initial pump-induc
signal, thus fulfilling the classical energy conservation l
only in the long-time limit.

As long as biexcitonic effects are negligible,8 the coherent
effects cited in the first paragraph can be explained rea
ably well on the basis of the semiconductor Bloch equati
~cf. Refs. 9–11, and 4, respectively!. Naturally, any descrip-
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tion of the electron-lattice interaction needs to go beyond
Hartree-Fock theory. While a semiclassical Boltzmann eq
tion may be sufficient for modeling the long-time evolutio
of the coupled system of electrons and LO phonons, on
quantum-kinetic theory correctly incorporates memory
fects that are essential to describe experiments on a
100-fs time scale.

A number of approximation schemes for the quantu
kinetic treatment of the electron–LO-phonon interaction h
been proposed in the literature. Many of them are related
the so-called second Born approximation, which can be
rived using either phonon-assisted density matrices12,13 or
nonequilibrium Green functions.14,15 Sometimes, the scatter
ing term is simplified by using a damped free-particle a
proximation for the Green function, thus neglecting optic
band-mixing and excitonic renormalization effects.16–18 Re-
cently, numerical studies beyond the second Born appr
mation including so-called vertex corrections have be
published.19,20

Early numerical investigations focused on the calculat
of the electron distribution function during and after pul
excitation. Non-Markovian features in the relaxation proce
due to phonon emission were found in the second B
approximation,12 but also for a simplified scattering term.16,17

Recently, the influence of vertex corrections was inve
gated, but the results were obtained in a one-dimensio
tight-binding model, where both the electron-electron int
action and the electron-phonon interaction were treated
local.20

Much work has been devoted to the calculation of t
linear absorption in bulk samples. The existence of an
bach tail at room temperature was demonstrated in Ref.
and a polaron redshift of the exciton resonance was obta
in the second Born approximation.19,21 Vertex corrections19

and exciton–LO-phonon resonances22 have been found to be
less important in bulk Gallium Arsenide because of the sm
polaron constant.

Quantum beats with nearly LO-phonon frequency14 and
the coherent control of their amplitudes,7 demonstrated in
FWM experiments, can in principle be explained in terms
a two-level system coupled to phonons.7,23 Good agreemen
with experiment was obtained for simulations based on
10 792 ©2000 The American Physical Society
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PRB 61 10 793QUANTUM-KINETIC STUDY OF FEMTOSECOND PUMP- . . .
second Born approximation, both for the beat frequency14,15

and the coherent-control scenario.13

A particular challenge is the numerical calculation
pump-and-probe spectra. In Ref. 6, the distribution functio
are first calculated in a one-dimensional band structure
then converted into differential transmission spectra~DTS!
by solving the semiconductor Bloch equations. In Ref.
the second Born approximation with a simplified scatter
term was applied. Reasonable agreement with experime
DTS signals was achieved, in the case of excitation h
above the fundamental band gap. So far, no calculation
pump-and-probe signals in the second Born approxima
with the correct scattering term have been presented, b
consistent treatment of Coulomb interaction both in coher
and scattering terms will be essential for an improved d
scription of relaxation processes. Coulomb-enhancemen
fects in the scattering term are known to accelerate
relaxation.12 This is also likely to change the time evolutio
of pump-and-probe signals, both in the excitonic region a
in the region around the phonon-related signals.

Up to now, the theoretical description of pump-and-pro
experiments, including electron-phonon interaction, has c
centrated on the spectral region above the band gap, w
the early stages of relaxation can be monitored for short-t
delays. However, with increasing time, electrons and ho
accumulate at the band extrema. This results in strong e
ton bleaching, as seen in the experiment.5 Therefore, a de-
scription of the complete relaxation process due to phon
requires calculations that are accurate at all spectral regi
From the numerical point of view, this entails a dense g
and a large domain in energy space, in order to acco
equally for bound and continuum states. Since the signal
to be computed up to very long times, a fast numerical al
rithm is essential.

This paper aims to present a consistent description of
citation and subsequent relaxation of laser-induced none
librium electron-hole pairs, on the basis of the second B
approximation, where Coulomb interaction is incorpora
both in the coherentand in the scattering term. This ap
proach allows us to treat arbitrary excitation conditions, fro
pumping below the exciton resonance up to excitation h
in the conduction band. The influence of the pump para
eters and temperature will be discussed for the electron
laxation and pump-and-probe spectra. Thecompleterelax-
ation process of the initially hot electrons is studied until t
electrons reach the bottom of the conduction band.
present calculations for pump-and-probe spectra of b
GaAs, where the signatures of this cooling process can
directly monitored along the whole spectral region. T
analysis is based upon a stable, very efficient, and hig
accurate numerical algorithm. We show that consequen
due to the exact versus simplified treatment of scattering
generally small, but not negligible for experiments wi
small time delays. In the zero temperature case, the vali
limits of the semiconductor Bloch equations witho
electron-phonon coupling will also be investigated.

The paper is organized as follows. In Sec. II, we introdu
the basic equations of the coupled electron-phonon sys
and give a brief outline of the numerical implementation.
Sec. III, we present and discuss results for both electron
tribution functions and pump-and-probe spectra, using dif
s
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ent approximation schemes and a large variety of pump
rameters. A summary is given in Sec. IV.

II. BASIC EQUATIONS AND NUMERICAL
IMPLEMENTATION

The density matrix of a photoexcited two-band semico
ductor is defined as the expectation value of a produc
electron creation and annihilation operators,

~nk!ab5^~ n̂k!ab&, ~ n̂k!ab5âbk
† âak , ~1!

wherea,b5c,v are the band indices, andk are the Bloch
wave vectors. The diagonal elements of the density ma
~1! represent the electron distribution functions in the co
duction and valence bands, whereas the nondiagonal
ments are related to the~macroscopic! polarization,

P~ t !5
m*

V (
k

~nk!cv~ t !,

wherem andV are the dipole matrix element of the optic
transition and the normalization volume, respectively.

The equation of motion for the density matrix~1! is gov-
erned by the HamiltonianĤ via the von Neumann equation

i\
]

]t
~nk!ab5^@~ n̂k!ab ,Ĥ#&. ~2!

The initial condition at t52` is given by (nk)ab
(0)

5diag (0,1), which means that the valence band is co
pletely filled and the conduction band is empty before
arrival of the pump pulse. We consider a Hamiltonian of t
form

Ĥ5ĤHF1Ĥph1Ĥel-ph, ~3!

where ĤHF contains the Hamiltonian of the electrons, th
electron-light interaction, and the Hartree-Fock contributi
of the electron-electron interaction,Ĥph is the Hamiltonian of
the LO phonons, andĤel-ph represents the Fro¨hlich interac-
tion between electrons and LO phonons. Coulomb effe
beyond the mean-field approximation are neglected.
cently, the effect of Coulomb correlations8 and vertex
corrections20 were studied for low-dimensional model sy
tems. For bulk materials, the resulting equations of mot
including these contributions do not possess spherical s
metry, which would result in a drastic increase of the n
merical effort. In order to study bulk GaAs, it is essential
retain the spherical symmetry in the equations. This can
achieved if the Coulomb interaction is treated in the Hartr
Fock approximation from the very beginning, which will re
sult in the so-called second Born approximation.

Introducing LO-phonon annihilation~creation! operators
b̂q

(†) with wave vectorsq, the three parts of the Hamiltonia
~3! read, explicitly,

ĤHF5(
abk

~Hk!abâak
† âbk , ~4!
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~Hk!ab5S Ec~k! 2mE~ t !

2m* E* ~ t ! Ev~k!
D

2
1

V (
k8

Vk2k8@~nk8!ab2~nk8!ab
(0)#,

Vk5
e2

«0«`k2
, ~5!

Ĥph5\vLO(
q

b̂q
†b̂q , ~6!

Ĥel-ph5(
akq

gqâak1q
† âak b̂q1H.c.,

gq
25

\vLO

2V

e2

«0«sq
2 S «s

«`
21D . ~7!

The band dispersions in Eq.~5! are described byEc,v(k)5
6Eg/26\2k2/(2me,h), with effective massesme,h for elec-
trons and holes, and a direct energy gapEg . The laser field
E(t) will be specified later. The quantities«058.854
310212 A s/(V m) ande51.602310219 A s are the vacuum
dielectric constant and the elementary charge, respectiv
The screening of the Coulomb interaction due to interba
transitions beyond the two-band model is accounted for b
staticelectronicdielectric constant«` . Dynamical screening
effects due to excited electron-hole pairs are neglected,
topic is currently subject of intense research.24 The lattice
part of the screening is explicitly taken into account via t
electron–LO-phonon coupling~7!, where«s is the static di-
electric constant of electronsand lattice. The LO-phonon
branch in the vicinity of theG point is assumed to be fla
resulting in a constant LO-phonon frequencyvLO .

Inserting Eqs.~4!–~7! into the von Neumann equation~2!,
the density matrix becomes coupled to phonon-assisted
sity matrices of arbitrary order, resulting in an infinite hie
archy of differential equations. The truncation of this set
equations can be carried out either dynamics-controlled25 or
correlation-controlled.26 In the latter approach a closed set
equations can be obtained for the density matrix (nk)ab @Eq.
~1!#, the ~one-!phonon-assisted density matrix

~Rkk8!ab5
1

gk2k8

^âbk
† âak8 b̂k2k8&, ~8!

and the phonon occupation numberN. If the lattice is as-
sumed to be at thermal equilibrium, i.e.,

N5
1

e(\vLO /kBT)21
~9!

(T is the temperature andkB the Boltzmann constant!, the
equations of motion fornk andRkk8 can be written as

i\
]

]t
nk5@Hk ,nk#1 i\

]

]t
nkU

relax

, ~10!
ly.
d
a

is

n-

f

i\
]

]t
nkU

relax

5(
k8

gk2k8
2

@Rkk82Rk8k1Rk8k
†

2Rkk8
†

#,

~11!

i\
]

]t
Rkk85Hk8Rkk82Rkk8Hk1\vLORkk8

1~12nk8!nk~11N!2nk8~12nk!N. ~12!

This set of differential equations is usually referred to as
second Born approximation. It was first successfully appl
by Schilpet al.12 to the calculation of the electron relaxatio
after pumping high above the band gap, and later to
calculation of FWM signals.13–15 These equations can als
be derived within the framework of nonequilibrium Gree
functions if the generalized Kadanoff-Baym ansatz
exploited.15,16

The representation used in Eqs.~10!–~12! allows an in-
tuitive physical interpretation. The coherent part of Eq.~10!
is given by the usual semiconductor Bloch equations,9 or
optical Bloch equations if the Coulomb term inHk is ne-
glected. It is supplemented by the relaxation term~11!,
which allows for the electron-phonon interaction via t
phonon-assisted density matrix. The source term of Eq.~12!
can be related to~spontaneous and induced! downward scat-
tering and~induced! upward scattering. The correspondin
products of occupation numbers are familiar from semicl
sical scattering theory, except that they are now replaced
matrices. The homogeneous part of Eq.~12! describes the
energy transfer related to those scattering events.

The scattering term is complicated due to the se
consistent inclusion of excitation effects and Coulomb int
action of excited electron-hole pairs. Therefore, sometim
approximations are introduced. The right-hand side of
~12! can be considerably simplified by replacing the ene
matrix (Hk)ab with the free-particle dispersionsEa(k)dab ,
resulting in

i\
]

]t
~Rkk8!ab5@Ea~k8!2Eb~k!1\vLO#~Rkk8!ab

1@~12nk8!nk~11N!2nk8~12nk!N#ab .

~13!

In the formalism of Green functions, this amounts to sub
tuting the exact retarded Green function in the scattering
tegrals by the free-particle propagator, as was done, e.g
Refs. 16–18. We call this approach as second Born appr
mation with simplified scattering term. In this case, no op
cal band-mixing effects and excitonic renormalizations
taken into account in the relaxation term, but those effe
will not only renormalize but also accelerate the scatter
process. After performing the integration of Eq.~13!, the
scattering integral can be further simplified by taking t
source term out of the scattering integral. This is called
completed collisions limit, since the history of the scatterin
events is no longer taken into account. The remaining in
gration results in ad function, giving rise to strict energy
conservation in each electron-LO-phonon collision. If fina
all off-diagonal quantities in the source term are neglect
the semiclassical Boltzmann equation is recovered.

In Sec. III, we solve the equations of motion~10!–~12!
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completely. The electron distribution function is studied
extract information about the relaxation process after pum
ing with a laser pulse of the formEp(t)exp(2ivpt). The
related pump-and-probe spectra are calculated by addi
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test beam, i.e.,E(t)5Ep(t)exp(2ivpt)1cEt(t)exp(2ivtt).
The test beam absorptiona(v) is then proportional to
Im@Pt(v)/Et(v)#, where the contributionPt to the total po-
larizationP is obtained by the complex derivative
Pt~ t !5
]P~ t !

]c U
c50

5 lim
ucu→0

P~ t,1ucu!2P~ t,2ucu!2 i @P~ t,1 i ucu!2P~ t,2 i ucu!#
4ucu

.
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~The signal in FWM direction would correspond to the co
plex derivative with respect toc* , and could be obtained b
changing just one sign in the numerical routine.!

Damping of the phonon-assisted density matrix in E
~12! is an important issue. Sometimes, it is argued tha
self-consistent damping has to be introduced in order to
sure numerical stability.15,27 However, by comparison o
self-consistent and constant damping, we find that the res
are rather insensitive to the details of the damping.

At room temperature, the LO-phonon bath gives rise t
finite linewidth of the exciton. In contrast, at zero tempe
ture, a dephasing of the microscopic polarization (nk)cv has
to be introduced in order to obtain a finite homogeneo
broadening. Therefore, in order to minimize the number
parameters, all calculations were performed including
dephasing constante in Eq. ~11! and the same damping con
stante in Eq. ~12!.

For the explicit calculations we used GaAs paramet
Eg51.520 eV, me50.067m0 , mh50.442m0 , e
50.94 meV,\vLO536 meV, «`511.1, and«s513.1. The
resulting exciton binding energy is 1 Ry* 54.7 meV. For the
pump-and-probe signals, both pulses are co-circularly po
ized and assumed to be Gaussian. Pulse lengths are ref
to the full width at half maximum~FWHM!. The test pulse
parameters are fixed at a length of 15 fs and a laser inten
of I'2 W/cm2 (mEt max5231024 Ry*). The pump detun-
ing \vp2Eg is varied between228.2 meV (26 Ry*) and
1112.8 meV (24 Ry*), with a maximum intensity ofI p

555 MW/cm2 (mEp max51 Ry*) and the pulse lengths ar
between 20 and 320 fs.

In order to numerically solve the equations of moti
~10!–~12!, we exploit the spherical symmetry and the wa
numberk5uku is discretized on a mesh of 500 points with
maximum electron-hole pair energy of 1160 meV. The d
cretization in time is performed by the leapfrog method.
time step of 0.44 fs guarantees the stability of the algorith
The time interval runs from23.5 to 13.5 ps. By the sam-
pling theorem, this is equivalent to a spectral resolution
0.6 meV, in the Fourier-transformed spectra. The accurac
the algorithm was checked by testing the convergence w
respect to the number ofk points, the mesh size, and the tim
step. In the phonon-free case, the analytical result for
linear absorption28 is reproduced for energies up to 140 me
(30 Ry*) above the band gap, thus taking equally into a
count bound and continuum states. In order to save com
ing time, a vectorized version of the numerical algorith
was implemented. The calculation of one pump-and-pr
-
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signal takes about 20 h on a PC with a 450-MHz Pentium
processor, and the memory required is typically ab
50-MB RAM.

III. NUMERICAL RESULTS AND DISCUSSION

A. Excitation high above the band gap

We start with the numerical solution of the equations
motion in the case of excitation high above the energy g
The pump pulse parameters are chosen to be\vp2Eg
5112.8 meV, I p'2 MW/cm2, and the pulse length is 32
fs. The center of the pump pulse is taken att50. In Fig. 1,
the time evolution of the electron distribution in the condu
tion band is shown for timest5270, 0, 70, 140, 350, and
1400 fs~from top to bottom! and Fig. 2 displays pump-and
probe spectra for the same set of parameters. In orde
understand the effects of the different interactions and th
interplay, we present results for four different approximati
schemes. We start with calculations based on the opt
Bloch equations for an ensemble of two-level systems, wh
both the Coulomb and the electron-phonon interaction
neglected~a!. Then, we add the different interactions ste
by-step and present results obtained using the semicondu
Bloch equations~b!, the second Born approximation wit
simplified scattering term~c!, and the second Born approx
mation ~d!.

In Fig. 1~a!, the results obtained within the optical Bloc
equations allow us to study the sole influence of the pu
process. The pump pulse induces an electron distribu
peaked at 98.0-meV excess energy that reaches its final
plitude at aboutt5300 fs. Analogously, a hole distributio
in the valence band is created at 14.8 meV~not shown!.
Therefore, the average energy of the laser-induced elect
hole pairs is equal to the central pump frequencyvp , and is
split up between electrons and holes according to the m
ratio mh /me56.6.

In Fig. 2~a!, the corresponding pump-and-probe spec
show the buildup of a spectral hole centered at\vp . This
effect is well known from stationary theory,9 but there are
some differences due to the finite pump-pulse length. B
the width and depth of the spectral hole are strongly infl
enced by the spectral width of the pulse. Only for longer a
stronger pulses, spectral holes with near-zero absorption
the stationary width of 4mEp max are obtained. A redshift of
the absorption edge, as expected from the stationary ca9

cannot be seen by eye, it amounts to less than 0.1 meV
In Figs. 1~b! and 2~b!, we extend the model to the sem

conductor Bloch equations, thus taking into account
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FIG. 1. Electron distribution (nk)cc(t) for t5270, 0, 70, 140, 350, and 1400 fs~from top to bottom!. The pump parameters are\vp

2Eg5112.8 meV andI p'2 MW/cm2, and the FWHM is 320 fs. From left to right:~a! theory without Coulomb interaction,~b! Hartree-
Fock theory,~c! second Born approximation with simplified scattering term, and~d! second Born approximation.
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Hartree-Fock terms of the Coulomb interaction between c
riers. Because of band renormalization the optical transi
is now given by (Hk)cc(t)2(Hk)vv(t)5\vp . This results in
the buildup of electron-hole pairs with slightly higherkinetic
energies, as demonstrated in Fig. 1~b!, where the electron
distribution is plotted as a function of energy with respect
the unrenormalized bands. The peak positions of electr
~holes! shift to 99.5 meV~15.1 meV! at t50 and 100.3 meV
~15.2 meV! at t51400 fs. This effect is even more pro
nounced for stronger laser fields. The number of electr
hole pairs generated by the pulse is almost exactly dou
compared to the interaction-free case, in agreement w
similar results given in Ref. 29.

In the pump-and-probe spectra of Fig. 2~b!, the effects of
Coulomb interaction are even more dramatic. Beside
slight bleaching and redshift ('0.9 meV) of the 1s exciton
line, the spectral region around the pump frequency does
show the line shape of a simple spectral hole. The hi
energy side of the spectral hole is accompanied by an e
tonic enhancement, similar to the Fermi-edge singular
The amplitude of this edge strongly increases if the occu
tion numbers of electrons and holes approach the maxim
value of 1, which may occur especially for excitation
lower frequencies.

In Fig. 1~c!, relaxation processes due to electron–L
phonon scattering are included via the second Born appr
mation with simplified scattering, according to Eq.~13!. The
r-
n

ns

-
d

th

a

ot
-
i-
.

a-
m
t

-
i-

temperature of the LO-phonon bath is taken to be zero. P
non replicas already start to appear during the pump proc
The buildup of these replicas starts from an initially bro
signal that narrows with increasing time. This reflects t
time-energy uncertainty principle inherent to quantum m
chanics. At the early stages of each scattering event, tra
tions to all energies are allowed. Only for longer times do
energy conservation have to be fulfilled. Att5350 fs, the
first phonon replica has reached its maximum value whic
located 36.9 meV below the initial peak. Att51400 fs, the
second phonon replica peaks 37.1 meV below the first o
At such long time scales, the energy transfer between
electron system and the lattice can be looked upon in te
of completed collisions, where phonons with well-defin
energies are generated in the sample. In fact, the differe
between the peak maxima almost perfectly fulfill the ene
conservationEc(k)2Ec(k8)5\vLO for intraband scattering
according to Eq.~13!. Nevertheless, energetical redistrib
tion is not yet completed. In fact, the classically expec
spacing between the initial peak and the first phonon sate
is not reached untilt52100 fs ~not shown!, whereas the
spacing to the second phonon satellite still remains lar
than\vLO . The peak positions att52100 fs are 98.7, 62.8
and 25.9 meV, with amplitudes of 0.0003, 0.0045, and 0.3
respectively.

Figure 2~c! shows pump-and-probe spectra within the s
ond Born approximation with a simplified scattering term
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FIG. 2. Pump-and-probe spectraa(v) for Dt5270, 0, 70, 140, 350, and 1400 fs~from top to bottom! and the same pump paramete
as in Fig. 1. Dashed lines: without pump pulse, solid lines: with pump pulse. From left to right:~a! theory without Coulomb interaction,~b!
Hartree-Fock theory,~c! second Born approximation with simplified scattering term, and~d! second Born approximation.
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Within the same approximation, DTS signals were calcula
recently by Schmenkelet al.,18 but their analysis was re
stricted to a spectral region above the band gap,\v>1.56
eV. Here we present pump-and-probe spectra for all ener
including the excitonic region, which becomes especially i
portant for large time delays.

At negative time delays, a Fermi edge around the pu
frequency appears similar to the case without phonons
Fig. 2~b!. However, the exciton line is already both mo
strongly bleached and more strongly redshifted~'2.0 meV!.
For later times, Fig. 1~c! suggests the buildup of phono
replicas below the initial Fermi edge. AtDt570 fs, all en-
ergies below the initial signal show a noticeable reduction
absorption, which reflects the time-energy uncertainty p
ciple. FromDt'140 fs on, a narrow dip appears around
meV above the gap. It reaches its maximum depth at ab
350 fs, in accordance with Fig. 1~c!. Interestingly, this signa
from the first phonon replica in the distribution functio
looks more like a spectral hole than a Fermi edge, and a
time delay is an induced absorption at its high-energy s
observed. This can be attributed to the overlap with the lo
energy tail of the initial Fermi edge. The same scenario
peats itself for the second phonon replica. But here,
Fermi-edge character of the signal is clearly visible atDt
51400 fs, which is due to the smaller overlap with the init
Fermi edge and the fact that the carriers cannot relax furt
d
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It is worthwhile to note that the DTS signal at the fir
phonon replica vanishes faster than the signal around\vp ,
in agreement with the experiment.5 This effect cannot be
understood from the time evolution of the distribution fun
tion, where the initial peak vanishes first. This proves t
after such long-time delays between pump and test pulses
system ‘‘remembers’’ the history of its excitation exclusive
via the polarization that was generated in the sample by
pump pulse. In fact, if the squared polarization compone
u(nk)cv(t)u2 at t51400 fs are plotted vs the electron-ho
pair energy, the contribution at the pump position is s
three orders of magnitude larger than that at the first pho
replica ~not shown!.

Another feature which was also seen in rece
measurements5 is found in the spectral region of the excito
The whole relaxation process is accompanied by a grad
bleaching of the 1s exciton resonance. This results from
accumulation of the electrons~holes! in the conduction-band
minimum ~valence-band maximum! with increasing time.
The bleaching is not complete since the relaxation runs
an LO-phonon bottleneck which will be discussed in mo
detail in Sec. III C.

Finally, in Figs. 1~d! and 2~d!, we present results for the
second Born approximation, i.e., results of a complete
merical solution of Eqs.~10!–~12!. The comparison of Figs
1~c! and 2~c! with Figs. 1~d! and 2~d! indicates that the over
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all relaxation process in both models is very similar. The
fore, we mainly concentrate on the differences.

The most significant influence of the renormalized sc
tering term is a faster buildup of the phonon replicas. Vio
tion of classical energy conservation occurs only for mu
shorter time intervals. In Fig. 1~d!, the first phonon replica
has already narrowed att50, compared to the rather broa
signal in Fig. 1~c!. This is also observed for the second ph
non replica att5350 fs. Therefore, effects due to incomple
collisions are overemphasized in the simplified treatment
the exact second Born approximation, the partial compen
tion of Coulomb terms in Eqs.~11! and~12! results in a more
semiclassical behavior.

Another important difference is that the position of t
replicas vary much stronger with time. The difference b
tween the initial peak and the first replica decreases gra
ally from 43.6 meV (t50) to 40.6 meV (t5350 fs), and in
the same manner for the next replica. This spacing is con
erably larger than the LO-phonon energy\vLO536 meV,
and clearly shows the influence of the full scattering te
@Eq. ~12!#. Band renormalization can account for about
meV of the difference@cf. the discussion of Fig. 1~b!#; the
rest is due to band-mixing effects in the scattering term.
later times, when most electrons are close to the band m
mum, those effects are of minor importance. Att52100 fs,
the interaction-free spacings between all three peaks are
tablished, with peak positions at 98.5, 62.5, and 26.4 m
and amplitudes of 0.0003, 0.0056, and 0.405. Again, the
clusion of Coulomb effects in the scattering term leads
faster redistribution toward the classical positions.

We mention that both the faster narrowing and the str
ger time dependence of the phonon replicas in the e
treatment were already observed in a pioneering work
Schilp et al. five years ago.12 But at that time, the question
about its experimental observability could not be answer
In Fig. 2~d!, we present the first calculations, to our know
edge, for pump-and-probe signals which take these eff
into account. We find two significant changes compared
the simplified treatment of the scattering term in Fig. 2~c!,
which could also be of experimental relevance. A p
nounced dip in the spectra is already visible atDt570 fs,
while at the same time the exciton is less bleached. T
clearly reflects a more classical character of the relaxa
dynamics in the exact treatment, compared to the simpli
second Born approximation. This effect is especially imp
tant for comparison with DTS experiments at short time
lays. Recently, the buildup of phonon-related signals w
experimentally seen at delay times of less than 100 fs,6 but
could not be resolved in calculations based on the simpli
second Born approximation.18

Another manifestation of the faster completion of col
sions in the exact calculations can be seen through a b
resolution of the Fermi-edge character of the phonon sa
lites. Interestingly, this effect is still noticeable at large tim
delays (Dt>1400 fs!. In contrast, the positions of th
phonon-related signals do not vary significantly stronger t
in the simplified calculations. This may be explained
terms of Coulomb compensation: while the distribution fun
tions in Figs. 1~c! and 1~d! are plotted versus the kineti
energies, the test beam measures the carrier distribution~or
strictly speaking, the corresponding polarization! as a func-
-
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tion of the total energies which are much closer to each o
in both models. This also explains why the overall diffe
ences between both models are relatively small.

B. Excitation at or below the band gap

As long as the pump frequency is tuned high above
band gap, we observe strong modifications in the time e
lution of both the distribution functions and the spectra d
to electron-phonon coupling. Because of the fast emissio
LO phonons, the validity of the semiconductor Bloch equ
tions breaks down even before the pump pulse has rea
its maximum amplitude. If\vp is situated below the thresh
old for LO-phonon emission, relaxation effects are still im
portant, but mainly in the long-time limit. In pump-and
probe signals these effects show up as a gradual reductio
the initial Fermi edge combined with a pronounced blea
ing of the exciton resonance.

If the pump frequency is equal to or lower than the fu
damental gap, the situation changes qualitatively. In t
case, inclusion of electron–LO-phonon interaction does
change the results obtained within the semiconductor Bl
equations. The distribution functions are almost identica
both approximations. Only for very long times (t>1400 fs!
do we find a marginal influence of the LO phonons at va
ishing kinetic energies. This also holds true for the pum
and-probe spectra.

For \vp2Eg50 andDt50, the oscillator strength of the
Fermi edge strongly exceeds that of the exciton line in
linear absorption. We expect this effect to be somewhat
duced when dynamical screening is additionally taken i
account, because this is exactly the spectral region, where
strongest influence of screening effects can be expected.
dominant influence of Coulomb effects under excitation
the gap is already evident from strong redistributions due
the Hartree-Fock terms. An initial shift of the peak max
mum to higher kinetic energies occurs, similarly to the ca
of high-energy excitation in Fig. 1~b!. However, a subse
quent redistribution to lower energies shows that even a
the pump pulse has disappeared Coulomb interaction is
effective, especially if the system is inverted, i.e., (nk)cc
.0.5.

C. Influence of pump intensity

In order to study the influence of the pump intensity,
Fig. 3 we compare results for in-band excitation with tw
different intensities, namely, forI p'2 MW/cm2 ~a! and I p
'20 MW/cm2 ~b!. The pulse length is fixed at 320 fs, an
the pump frequency is\vp2Eg556.4 meV. The results do
not change qualitatively for higher pump frequencies.

In Fig. 3~a!, we observe the typical relaxation scenario
the low-intensity case withI p<2 MW/cm2. The time evolu-
tion of the electron distribution shows all the features d
cussed in the context of Fig. 1, except for the fact that n
only one LO-phonon emission is energetically allowed. He
we focus on the final state, which is reached after about 1
fs, even though some minor redistribution is still present
later times. It is clearly seen that relaxation due to L
phonons remains incomplete. This is due to the fixed ene
transfer of\vLO536 meV between electrons and the lattic
which is required for completed collisions. As a cons
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quence, conduction electrons that have assembled at a
16.5-meV excess energy cannot emit another LO phon
Hence the relaxation process runs into a bottleneck, wh
the carriers are still not thermalized, either with the lattice
within the conduction band.

Experimentally, the bottleneck effect may be observed
very low pump intensities. In this case, the carrier density
so small that Coulomb scattering between electrons is i
ficient compared to LO-phonon processes. Scattering w
acoustic phonons is likely to broaden the distribution fun
tion somewhat, but will be effective only on a much long
time scale, typically on the order of a few nanoseconds.
have also performed approximate calculations includ
electron–LA-phonon scattering, and found no significa
changes on a time scale of a few picoseconds. Therefore
expect that in this intensity regime neither Coulomb n
acoustic-phonon scattering will cancel the bottleneck effe
This opens the possibility of creating almost arbitrary no
equilibrium distributions near the band minima, up to ve
long times. In a pump-and-probe experiment, the bottlen
will manifest itself as a distinct~phonon-related! Fermi edge
combined with anincompletebleaching of the exciton, eve
for large time delays as demonstrated forDt51400 fs in Fig.
3~a!.

FIG. 3. Electron distribution (nk)cc(t) for t5270, 0, 70, 140,
350, and 1400 fs, and pump-and-probe spectraa(v) atDt51400 fs
~from top to bottom!, in the second Born approximation for differ
ent pump intensitiesI p'2 MW/cm2 ~a! and I p'20 MW/cm2 ~b!.
The other excitation parameter is\vp2Eg556.4 meV, and the
FWHM is 320 fs.
out
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The picture changes completely if the pump intensity
increased. This follow from Fig. 3~b!, whereI p is chosen to
be ten times as high as in Fig. 3~a!. In this case, we observ
an almost complete thermalization of the conduction el
trons att51400 fs. Finally, att53500 fs ~not shown!, the
distribution function has evolved into a steplike functio
i.e., it can be described by a Fermi distribution at zero te
perature. In the pump-and-probe signal, this results in acom-
plete bleaching of the exciton and continuum states up
about 8 meV above the gap. If the intensity is enhanc
further (I p'55 MW/cm2, not shown!, continuum states with
even higher energies~up to about 15 meV! are also bleached
to zero absorption.

The question arises of why the relaxation due to L
phonons becomes more thermalized ifI p is increased. The
answer follows directly from a comparison of the corr
sponding Hartree-Fock calculations in Fig. 4, where the c
pling to phonons is neglected. Since the pulse length and
central pump frequency are fixed, the spectral regions of
initially created electrons are equal for both intensities. Ho
ever, while in the low-intensity case Coulomb interacti
leads only to small redistribution, it is much more effecti
at higher intensities. The larger number of electrons lead
a considerably stronger redistribution in the mean-field
proximation. This results in a broadening of the carrier d
tribution, which is a combined effect of Coulomb interactio
and phase-space filling. Compared to the low-intensity ca
both low- and high-energy tails of the induced electron po
lation are more extended. This enables electron–LO-pho
collisions into larger energy regions and thus removes
bottleneck effect. If Coulomb interactions beyond Hartre
Fock interactions, which are obviously important for a mo
realistic description of the high-intensity case, are taken i
account, these effects would be even more pronounced, b

FIG. 4. Electron distribution (nk)cc(t) for the same parameter
as in Fig. 3, calculated using the semiconductor Bloch equation
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is interesting to see that electron–LO-phonon scattering~in
combination with Hartree-Fock terms! can suffice for a com-
plete thermalization of conduction electrons with the latti
despite the fixed energy transfer given by\vLO . On the
other hand, for high densities hot-phonon effects may lea
a reduction and slowing down of the carrier coolin
process,30 and should therefore also be included in more
alistic studies.

D. Influence of pump pulse length

So far, we considered a pulse length of 320 fs related
regime where one can observe the most pronounced si
tures of electron–LO-phonon coupling. This is due to t
fact that the spectral width of such pump pulses is sma
than the LO-phonon frequency, which improves the spec
resolution of the LO-phonon-related phenomena.

For pulse durations comparable to the LO-phonon per
TLO52p/vLO5115 fs ~not shown!, the initial pump-
induced distribution and its phonon replicas begin to sp
trally overlap. In the pump-and-probe signals this gives r
to an even larger extension of the low-energy tail from
initial Fermi edge, and a stronger overlap with the first ph
non replica, compared to 320-fs pulses. Such effects h
indeed been seen in recent experiments using 120-fs pul6

Furthermore, the bottleneck effect is less dramatic becaus
a spectrally broader excitation. At long times, the elect
distribution always evolves into a state where the peaks
the phonon replicas are smeared out. Only for high inte
ties does it approach the zero-temperature Fermi distribut
For low intensities, the final distribution more closely r
sembles a Fermi function at finite temperature, or, in ot
words, the carriers thermalize within the bands, but not co
pletely with the lattice. In the pump-and-probe spectra, t
can be observed again as an incomplete bleaching of
exciton, this time without a distinct~phonon-related! Fermi
edge, in contrast to what is observed in Fig. 3.

If the pump pulse is chosen much shorter thanTLO , it will
be impossible to spectrally resolve distinct phonon replic
This is demonstrated for a 20-fs pulse in Fig. 5~a!. The re-
laxation process can be divided into two stages. The
stage is dominated by an ultrafast redistribution toward
band minimum within less than 70 fs. This process is
related to emission of LO phonons, as becomes clear
comparison with the Hartree-Fock results in Fig. 5~b!. It
must therefore be attributed to effects caused by Coulo
interaction. Even att5140 fs, the distribution is still reason
ably well described by the semiconductor Bloch equatio
Only for longer times is the influence of the phonons noti
able in Fig. 5~a! as a transfer of initially high-energy elec
trons toward the band minimum. During the second stag
the relaxation process, the high-energy end of the elec
distribution shifts down from about 160 meV (t5140 fs) to
about 50 meV (t51400 fs) and 35 meV (t53500 fs, not
shown!, whereas in Hartree-Fock theory it remains at ab
160 meV for all times.

Recently, a quasi-instantaneous spread of the ca
population during their generation with a 30-fs pulse w
measured in DTS experiments in GaAs, and attributed
quantum-kinetic carrier-carrier scattering.31 From the
Hartree-Fock results in Fig. 5~b! one could think of an easie
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explanation. However, in the pump-and-probe signals ca
lated for the same parameters, the immediate redistributio
not resolved, either in the second Born approximation@Fig.
5~a!, lower panel# or in Hartree-Fock theory@Fig. 5~b!, lower
panel#. This is demonstrated by a comparison of the sign
at Dt50 andDt5140 fs. For those and all intermediate tim
delays a spectrally broad decrease in the test beam ab
tion is observed, with its maximum decrease always direc
at the band gap. As a result, Hartree-Fock Coulomb inte
tion and electron–LO-phonon scattering cannot account
the experimental observation in Ref. 31. Therefore, an ex
nation in terms of carrier-carrier scattering is also suppor
by our analysis. These effects are most likely to further a
plify the ultrafast carrier-spreading, up to an order that ma
its experimental observation feasible. This analysis, ho
ever, is beyond the scope of the present paper.

In contrast to the initial redistribution, the second stage
the carrier cooling can easily be followed in the pump-an
probe signals of Fig. 5~a!. Including the coupling to the LO
phonons, we observe a downshift of the high-energy sho
der of the pump-induced changes, combined with a conti

FIG. 5. Upper panels: electron distribution function (nk)cc(t) at
t50, 7, 14, . . . , 70 fs~top!, and 70, 140, 350, and 1400 fs~bot-
tom! for pump parameters \vp2Eg556.4 meV and I p

'20 MW/cm2, and a FWHM of 20 fs in the second Born approx
mation ~a! and Hartree-Fock theory~b!. Lower panels: pump-and
probe spectraa(v) at time delaysDt5 0 ~top!, 140 ~middle!, and
1400 fs ~bottom! for the same pump parameters. Dashed lin
without pump pulse, solid lines: with pump pulse.
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ous bleaching of the excitonic resonance, in accordance
the time evolution of the distribution function.

E. Influence of temperature

So far, all calculations were performed assuming z
temperature for the LO-phonon bath. Now we discuss
effects of finite temperatures. While forT50 K only spon-
taneous downward scattering was possible, at finite temp
tures upward scattering and induced downward scatte
can also occur. From Eq.~12! it follows that the scattering
rates of those processes scale linearly with the phonon n
berN. For low temperatures (T<100 K), N is much smaller
than 1, e.g.,N50.0044 atT577 K. Therefore, the relaxation
is dominated by spontaneous downward scattering. As a
sequence, virtually no changes compared to the z
temperature case are observed, either in the distribution f
tions, the linear absorption, or the pump-and-probe sign
In contrast, at room temperature (T5300 K, N50.33) we
observe strong deviations from theT50 K picture.

In Fig. 6~a!, the electron distribution atT5300 K is de-
picted for pump parameters\vp2Eg556.4 meV andI p
'2 MW/cm2, and a pulse length of 320 fs. Fromt50 on,
the buildup of a phonon replicaabove the pump-induced
signal can be seen. Interestingly, the energy difference
tween these two peaks is much smaller than\vLO , namely,
26.3 meV att50. On the other hand, the spacing betwe
the pump-induced peak and the downscattering peak is la
than\vLO , namely, 45.5 meV att50, which is almost the

FIG. 6. Electron distribution function~a! and pump-and-probe
spectra~b!, including the coupling to LO phonons at room tempe
ture for different time delaysDt5270, 0, 70, 140, 350, and 1400 f
~from top to bottom!. Pump-pulse parameters:\vp2Eg

556.4 meV andI p'2 MW/cm2, and the FWHM is 320 fs. Dashe
lines: without pump pulse; solid lines: with pump pulse.
ith
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same value as forT50 K ~44.3 meV!. As in the discussion
of Fig. 1~d!, the deviations from the LO-phonon energy c
be attributed to the interplay of band renormalization a
band mixing effects in Eq.~12!. Only for later times do the
spacings approach\vLO . For example, att51400 fs, the
peak positions are 83.8, 48.0, and 12.9 meV.

At early times (t<350 fs!, the downward scattering de
velops very similarly to theT50 K scenario, which can be
seen by comparison with Fig. 3~a!. The only difference is
that the peak amplitudes are strongly reduced due to upw
scattering processes. For later times, the electron distribu
at T5300 K becomes much more thermalized than at z
temperature. This can already be seen att51400 fs, while at
t53500 fs~not shown! the peaks in the distribution functio
are totally smoothed out. For all other pump conditions,
also never observed a bottleneck. Hence at room tempera
there is no bottleneck effect. It is removed since upwa
scattering is always possible. In some cases, it even ca
the distribution function at zero kinetic energy to boun
back to lower values, in order to realize final thermalizatio

The growing out of a high-energy population due to ph
non absorption processes is also observed for excitation
below the band gap, in agreement with previous result17

The question arises of whether or not this population can
experimentally observed. For this reason, in Fig. 6~b! we
calculate the pump-and-probe spectra for the same pa
eters as in Fig. 6~a!. AroundDt570 fs a small signal above
the initial Fermi edge is visible. Due to its small amplitud
and the overlap with the high-energy side of the initial Fer
edge, it will appear as a smalldip in DTS measurements
Only for larger time delays will its Fermi-edge character b
come clear, as demonstrated in the inset atDt5350 fs.

The pump-and-probe spectra at large time delays show
incomplete bleaching of the exciton, while the phono
related signals gradually disappear. The bleaching of the
citon, relative to the linear absorption, is always less p
nounced than forT50 K. This reflects the fact that fewe
carriers can accumulate near the bottom of the conduc
band due to upscattering. The disappearance of the pho
related signatures is the result of thermalization.

Finally, we mention that all spectra atT5300 K exhibit
an exponential Urbach tail at the low-energy side of the
citonic resonance. Similarly, this was shown for linear a
sorption in Ref. 17.

IV. SUMMARY

We have presented a quantum-kinetic description
pump-and-probe experiments in bulk GaAs based on the
ond Born approximation for electron–LO-phonon intera
tion, where Coulomb effects are included consistently b
in coherent and scattering terms. Moreover, we calcula
the signatures of hot-carrier cooling in pump-and-pro
spectra including the excitonic region. This allowed us
monitor both the initial stages of relaxation due to L
phonons and the subsequent carrier accumulation nea
band extrema.

For excitation high above the gap, good qualitative agr
ment with recent DTS measurements5,6 is achieved, both in
the spectral region above the gap and around the exciton
An initial hole burning with Fermi-edge character, a subs

-



to
r

io
to

th
tte
ri
ac
e

o-
th

uc
t o
ou

a
iod
e

m
th

in
me

m-
on-
es
on–
er-
the
ge

ch
ra-
in

for
ion
u
r.

10 802 PRB 61K. HANNEWALD, S. GLUTSCH, AND F. BECHSTEDT
quent buildup of phonon replicas, and a gradual exci
bleaching are observed in the experiment, and are well
produced by theory. At large time delays, the accumulat
of electrons in the band minima results in strong exci
bleaching, in agreement with the experiment.5

We have shown that LO-phonon effects related to
exact treatment versus the simplified treatment of the sca
ing term are generally small, but not negligible for expe
ments with short time delays. We find that only the ex
second Born approximation is able to reproduce the exp
mental observation of phonon-related signals forDt
<100 fs. In contrast, the simplified model is found to pr
duce a much slower buildup of phonon satellites in
pump-and-probe signals.

We have also investigated the validity of the semicond
tor Bloch equations. We have proved that for excitation a
below the band gap, results without electron-phonon c
pling are equivalent to those of the second Born approxim
tion. For pump pulses shorter than the LO-phonon per
the electron distribution is found to be reasonably well d
scribed by semiconductor Bloch equations in the early-ti
regime, even if the central frequency is tuned above
.

hl

.
n

n

ys
d

i B

.
ys

ev

us
n
e-
n
n

e
r-

-
t
ri-

e

-
r
-
-
,
-
e
e

threshold for LO-phonon emission. In this situation, only
the long-time limit does electron-phonon scattering beco
dominant.

Finally, we have discussed the influence of pump para
eters and the temperature. At low temperature, a phon
bottleneck effect is predicted for pumping at low intensiti
above the band gap, whereas for higher intensities electr
LO-phonon scattering alone can suffice for complete th
malization with the lattice. In pump-and-probe spectra,
bottleneck results in a distinct phonon-related Fermi ed
combined with an incomplete exciton bleaching, whi
should persist up to very large time delays. At finite tempe
tures, upward scattering is predicted to become visible
pump-and-probe experiments.
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